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Abstract
The sarcoplasmic reticulum Ca-ATPase is fully activated whenv1 WM [Ca2] saturates the two transport sites; higher [Ca]
inhibits the ATPase by competition of Ca-ATP with Mg-ATP as substrates. Here we describe a novel effect of EGTA and
other chelators, raising the possibility of an additional activating effect of Ca in the sub- or low WM range. Sarcoplasmic
reticulum membranes were isolated from rabbit skeletal muscles. The ATPase activity was measured after incubation at 37‡C
in 3 mM ATP, 3 mM MgCl2, 50 mM MOPS-Tris (pH 7.2), 100 mM KCl, and variable CaCl2, EGTA and calcimycin. In the
absence of added EGTA and Ca the ATPase activity is high due to contaminant Ca. The determination of the ATPase
activity in the presence of increasing amounts of EGTA, without added Ca, yields a decreasing sigmoidal function. Ki ranged
between 20 and 100 WM, depending on the enzyme concentration. Pi production is linear with time for several [EGTA]
yielding suboptimal ATPase activities, which are inhibited by thapsigargin. These suboptimal Ca-ATPase activities are
inhibited by preincubation of the enzyme in EGTA, at pH 7.2. This effect increases upon increasing EGTA concentration
and preincubation time. The inhibitory effect of the previous exposure of the enzyme to EGTA is partially but significantly
reverted by increasing [Ca2] during incubations. Calcimycin and EDTA have similar effects as EGTA when added in
preincubations. The effect of calcimycin is fully reverted by optimal [Ca2] in incubations. The effects of EGTA, EDTA and
calcimycin in preincubation are not additive. The results suggest that an additional calcium, lost during preincubations from
a site with affinity near 1 WM, is necessary for full activation of the ATPase. ß 1998 Elsevier Science B.V. All rights
reserved.
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1. Introduction
The sarcoplasmic reticulum (SR) Ca dependent
adenosine triphosphatase (Ca-ATPase) is a mem-
brane bound enzyme which catalyzes Ca2 transport
coupled with ATP hydrolysis. SR membranes can be
isolated as vesicles with ATP-dependent Ca2 accu-
mulation ability. Scheme 1 summarizes the enzymatic
cycle. Schemes with four steps describe the minimal
models including phosphorylation and dephosphoryl-
ation in opposite steps, and Ca binding and release
in the others. In the clockwise reaction two Ca ions
are transported from the outer (o) to the inner (i)
side of the vesicles, and one ATP molecule is hydro-
lyzed, per cycle [1^3]. E1 and E2 are two di¡erent
conformational states of the enzyme. The apparent
a⁄nity of the outer Ca2 binding sites is less than 1
WM; the ATPase is fully activated when these sites
are saturated, and higher [Ca2] inhibits the ATPase
by competition of Ca-ATP with the physiological
substrate Mg-ATP [4^6].
In studies of several functional properties of the
SR Ca-ATPase, EGTA is often used: since contam-
inant Ca in the SR suspension and reactants is
enough to signi¢cantly activate the Ca-ATPase, de-
terminations of the enzymatic activity require con-
trols without Ca, usually made including EGTA in
the medium [7]. Ca-EGTA bu¡ers are used to pre-
vent Ca2 depletion from media with low [Ca2] in
determinations of Ca2 uptake [1]. Contaminant Ca
introduces an uncertainty in calculations of free cal-
cium concentrations; the use of Ca/EGTA mixtures
minimizes the contribution of contaminant Ca to ac-
tual [Ca2], thus decreasing the estimation error [8].
Pi phosphorylates the E2 enzymatic conformer while
Ca2 drives the enzyme towards the E1 form
(Scheme 1); phosphorylations with Pi are usually
made in the presence of EGTA to lower [Ca2] in
the medium [2,9]. This is also the case in studies with
lipophilic compounds reacting with the E2 enzymatic
conformer, since it has a more hydrophobic catalytic
site than E1 ; in studies on the interactions of these
agents with the ATPase, EGTA is used to drive the
enzymatic form towards E2 [10^12].
The above reports implicitly assumed that EGTA
did not have any other e¡ect on the Ca-ATPase
apart from that derived from its interaction with
Ca2 in the medium. Here we describe a novel e¡ect
of EGTA and other Ca chelating agents on the SR
Ca-ATPase, suggesting a new form of activation, or
regulation, of the enzyme by calcium.
2. Materials and methods
SR membranes were isolated from rabbit muscles,
as reported by Champeil et al. [13]. The fractions
derive from the longitudinal tubules. The SR mem-
branes were obtained by di¡erential ultracentrifuga-
tion. White skeletal muscles were homogenized in
100 mM KCl; after several centrifugation steps
[13], the ¢nal pellet was suspended in 100 mM
KCl, 300 mM saccharose and 5 mM HEPES, and
kept frozen (318‡C) until use. The stock suspensions
(ranging from 40 to 70 mg protein/ml in the di¡erent
SR preparations) were appropriately diluted in the
same solution (working suspension) before use. For
determinations of the ATPase activity, the working
suspension was always diluted 1/10 in the other re-
agents. The protein concentration of the membrane
suspensions was measured by the method of Lowry
et al. [14], using bovine serum albumin as standard.
The ATPase activity was measured after incuba-
tion of SR membranes at 37‡C in 3 mM ATP, 3 mM
MgCl2, 100 mM KCl, 50 mM MOPS-Tris (pH 7.2),
and other reactants as indicated in Section 3. Calci-
mycin was always included. SR protein concentra-
tion during incubation was never higher than 0.1
mg/ml (Section 3). The incubation times were ad-
justed to obtain an ATP hydrolysis ranging between
15 and 25%. The reactions were stopped with cold
5% trichloroacetic acid (¢nal concentration). The de-
natured membranes were precipitated, and Pi was
measured in the supernatants by the method of Ba-
Scheme 1.
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ginski et al. [15]; [Pi] was taken as an index of the
ATPase activity.
In some experiments (Figs. 1^3) the working SR
suspension was directly diluted (1/10) in ATP con-
taining media for determinations of ATPase activity.
In other experiments (Figs. 4^7), the working SR
suspension was previously diluted in other reagents
(preincubation) before ¢nal incubation in the ATP
containing media. Preincubations were also at 37‡C
and pH 7.2, unless otherwise indicated.
In a particular set of experiments included in Fig.
1, SR membranes were deposited on Millipore ¢lters
(HAWP, 13 mm diameter, 0.45 Wm average pore)
and perfused at constant £ow (1.0 ml/min) with
ATP containing media, at 37‡C. Pi was measured
in the e¥uent solution as above [15], and the ATPase
activity was calculated as previously reported [16,17].
Free calcium concentrations ([Ca2]) were eval-
uated with 30 WM arsenaze III. The absorbance
was measured at 655 Wm and compared with a cali-
bration curve where [Ca2] was calculated as re-
ported by Fabiato and Fabiato [8].
Some ¢gures show the results of typical experi-
ments. These experiments were always repeated at
least four times. Other ¢gures show mean results of
replicated experiments, with indication of statistical
errors. In these experiments both preincubations and
incubations were replicated, as indicated in the
legends of the ¢gures.
Bovine serum albumin, disodium ATP, calcimycin,
EGTA, thapsigargin, arsenaze III, and saccharose
were from Sigma (St. Louis, MO, USA), KCl was
from E. Merck (Darmstadt, Germany). All the re-
agents were of analytical grade. The contribution of
KCl to contaminant Ca2 in the SR stock and work-
ing suspensions, and during incubations, might be as
high as 2 WM, calculated from the maximal impur-
ities of the reagent (0.001%) given by the manufac-
turers.
3. Results
The ATPase activity measured in the absence of
added Ca and EGTA is high, due to contaminant Ca
in the media. Upon addition of EGTA, ATPase ac-
tivity is inhibited (Fig. 1), with Kiv100 WM. Most
contaminant Ca comes from the SR suspension,
since Ki is displaced to lower values upon decreasing
SR concentrations (data not shown). When the AT-
Pase activity is measured by perfusion of the medium
through SR membranes previously deposited on
Millipore ¢lters, contaminant Ca is only contributed
by the solution of reactants [16], and Ki is reduced to
v20 WM (Fig. 1). [Ca2] in this solution was 3.5 WM,
measured as described in Section 2. Assuming that
addition of SR membranes raises [Ca2] to 5^10 WM,
the calculated [Ca2] in the presence of 100 WM
EGTA and the other reagents (Fig. 1) lies within
0.01 and 0.03 WM [8].
The ATPase activity measured in the presence of
100 WM EGTA, without added Ca, is inhibited by
thapsigargin (Fig. 2). This indicates that ATP hy-
drolysis is catalyzed by the SR Ca-ATPase, since
the basal Ca- or Mg-dependent ATPase from T tu-
bules [18,19], usually present in variable amount in
SR preparations, is not inhibited by thapsigargin
Fig. 1. Determination of the ATPase activity as a function of
[EGTA], without added calcium. (b) SR membrane fractions
(0.1 mg protein/ml) were incubated at 37‡C in 3 mM ATP,
3 mM MgCl2, 100 mM KCl, 50 mM MOPS-Tris (pH 7.2),
10 WM calcimycin and EGTA as indicated. The incubation time
ranged between 1 and 10 min, to maintain the percentage of
hydrolyzed ATP between 15 and 25%. Further details are given
in Section 2. (R) SR fractions were previously exposed to calci-
mycin: 1 mg protein was preincubated with 0.04 mg calcimycin,
in a total volume of 1 ml, for 2 min. Thereafter, 0.5 ml were
¢ltered (Millipore, HAWP 013, 0.45 average pore) and the SR
membranes retained by the ¢lters were immediately perfused at
constant £ow (1 ml/min) with media composed by EGTA as in-
dicated, without calcimycin, and the other reactants as above.
[Pi] was measured in the e¥uent solution as described in Sec-
tion 2. The ATPase activities are expressed as percentages of
the activities measured in the absence of EGTA, with each
method. Results of typical experiments are shown.
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[20]. The SR Ca-ATPase is activated by the free cal-
cium concentration resulting from interaction be-
tween 100 WM EGTA and the contaminant Ca.
Pi production is linear with time at suboptimal
[Ca2] (Fig. 3); EGTA does not exert any progres-
sive e¡ect on ATPase activity during incubations,
and, therefore, it is reasonable to assume that the
inhibitory e¡ect of EGTA (Figs. 1 and 2) only de-
rives from [Ca2] reduction in the medium. [Ca2] is
constant during incubations, since calcimycin pre-
vents net Ca2 uptake. Data obtained with 1 mM
EGTA mostly re£ect the operation of a Ca-inde-
pendent ATPase.
The Ca-ATPase activity measured in the presence
of suboptimal [Ca2] (Figs. 1^3) is inhibited by pre-
incubation of the SR membranes in EGTA. This
inhibition depends on the time of preexposure of
the enzyme to EGTA. Fig. 4A shows a typical result.
Determinations of the ATPase activity in suboptimal
[Ca2] are largely a¡ected by experimental errors,
since small di¡erences in contaminant Ca largely
modify the enzymatic activity (Fig. 1). Fig. 4B shows
similar results obtained with a di¡erent protocol, to
assess experimental errors. Furthermore, the inhibi-
tion of ATPase activity also depends on EGTA con-
centration during preincubations (Fig. 4B). Since the
incubation conditions are constant in each experi-
ment, di¡erences in ATPase activities within each
¢gure should be attributed to the pretreatment of
the enzyme.
Calcium added during incubations partially pre-
vents the inhibition of Ca-ATPase activity caused
by preincubation of SR membranes in EGTA (Fig.
5). SR membranes were preincubated in the presence
and absence of EGTA, and later incubated in media
with added Ca to render [Ca2] as indicated in the
¢gure. The results show the relative inhibition due to
preincubations in EGTA, for each [Ca2]. It is ob-
served that upon increasing [Ca2] in the incubation
medium, the inhibition caused by preincubation in
EGTA is reverted, both for 20 min preincubations
at 37‡C as for overnight preincubations at 4‡C. The
curves in Fig. 5 cannot be ¢tted by simple equations
approaching to the total recovery of the ATPase ac-
tivity with optimal [Ca2] ; they indicate that a par-
tial but signi¢cant recovery coexists with some degree
of irreversible inhibition of the ATPase activity,
which is larger after overnight preincubations in
EGTA. The inset in Fig. 5 shows the ATPase activ-
ities of SR fractions preincubated overnight with and
without EGTA, later incubated with [Ca2] as indi-
cated, and whose ratios are shown in the main ¢gure.
K0:5 values for Ca2 to activate the ATPase were 0.2
and 0.3 WM, for SR membranes preincubated with-
Fig. 3. ATPase activity in media with suboptimal [Ca2]. Pi
production was measured after incubations of SR membranes
in 3 mM ATP, 3 mM MgCl2, 100 mM KCl, 50 mM MOPS-
Tris (pH 7.2), 10 WM calcimycin and 0.1 (F), 0.3 (b) or 1.0 (S)
mM EGTA, and shown as a function of the incubation time.
The reactions started by addition of the SR suspension. The ¢-
nal SR protein concentration was 0.1 mg/ml. A single incuba-
tion batch was used for each EGTA concentration, and ali-
quots were taken at the indicated times and poured into
trichloroacetic acid to stop the reactions. A common working
SR suspension was used. Results of a typical experiment are
shown. Other conditions are given in Section 2.
Fig. 2. E¡ect of thapsigargin on the ATPase activity in media
with suboptimal [Ca2]. 0.1 mg protein per ml was incubated in
3 mM ATP, 3 mM MgCl2, 100 mM KCl, 50 mM MOPS-Tris
(pH 7.2) and 0.1 mM EGTA, without added Ca, and without
(A) or with (B) 0.4 WM thapsigargin. (C) Blanks without SR,
subtracted from other results. Mean values þ S.E (n = 6) are
shown.
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out and with EGTA, respectively. The use of [Ca2]
higher than 10 WM during incubations is precluded
because of the additional inhibition of ATPase activ-
ity due to competition of Ca-ATP with Mg-ATP as
substrates [4^6].
In the following experiments we tested whether
calcimycin and EDTA, which also reduce [Ca2],
also inhibit the Ca-ATPase activity when added in
preincubations. Fig. 6A shows that preincubation of
SR membranes in 50 WM calcimycin inhibits the Ca-
ATPase activity measured in suboptimal [Ca2]. The
e¡ects of calcimycin and EGTA during preincuba-
tions are not additive (Fig. 6A). Free calcium con-
centration was measured with arsenaze III in media
containing 3 mM ATP, 3 mM MgCl2, 100 mM KCl,
50 mM MOPS-Tris (pH 7.2) and either 50 WM calci-
mycin or 1.0 mM EGTA. Both values were below
the limit of sensitivity of the dye and well below
those of the same medium without calcimycin or
EGTA (3.5 WM, mentioned above). Fig. 6B shows
that at variance with results obtained with EGTA,
the inhibition caused by preexposure to calcimycin is
fully reverted when the ATPase is assayed in optimal
Ca. The above reported e¡ects of EGTA on the Ca-
ATPase activity are reproduced with EDTA. Fig. 7
shows the ATPase activity as a function of [EDTA]
(Fig. 7A), without added calcium. EDTA has higher
Ki (v0.3 mM) than EGTA (Fig. 1). This result is
attributed to a decrease in free EDTA concentration,
due to high [Mg2] in the medium, since EDTA che-
Fig. 4. Preincubation of SR membranes in EGTA inhibits Ca-
ATPase activity measured in suboptimal [Ca2]. (A) SR frac-
tions (0.5 mg protein/ml) were preincubated in 0.5 mM EGTA
and 50 mM MOPS-Tris (pH 7.2) at 37‡C. At the indicated
times 0.2 ml aliquots were poured into 0.8 ml of incubation me-
dia, ¢nally including 0.1 mg protein/ml in 3 mM ATP, 3 mM
MgCl2, 100 mM KCl, 50 mM MOPS-Tris (pH 7.2), 10 WM cal-
cimycin and 0.1 mM EGTA, without added Ca in all cases.
Typical results are shown. (B) SR fractions (0.5 mg protein/ml)
were preincubated at 37‡C in 0.3 ml of 50 mM MOPS-Tris (pH
7.2) and EGTA as indicated on the abscissa during 20 s (b) or
20 min (a). Incubations started by addition of 0.2 ml of prein-
cubated SR membranes to 0.8 ml of media, ¢nally similar to
that in A. The results show mean values þ S.E. (n = 6).
Fig. 5. Inhibition of Ca-ATPase activity by preincubation in
EGTA is reverted by calcium. Two typical experiments are
shown. SR fractions (0.1 mg protein/ml) were preincubated in
50 mM MOPS-Tris (pH 7.2) without and with 0.5 mM EGTA.
Preincubations were in a total volume of 0.3 ml, at 37‡C for
20 min (b), or at 4‡C overnight (a). Incubations (0.02 mg pro-
tein/ml) started by addition of 0.2 ml of preincubated SR into
0.8 ml of media ¢nally containing 3 mM ATP, 3 mM MgCl2,
100 mM KCl, 50 mM MOPS-Tris (pH 7.2), 5 WM calcimycin,
0.1 mM EGTA and CaCl2 to render [Ca2] indicated on the
abscissa. The results show the ratios between the ATPase activ-
ities of SR fractions preincubated with and without EGTA, for
each [Ca2] during incubations. The inset shows the ATPase ac-
tivities obtained with SR membranes after overnight preincuba-
tions, in the presence (E) or absence (P) of EGTA, whose ra-
tios are shown in the main ¢gure (a).
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lates Ca2 with an a⁄nity as high as EGTA, but it
has a higher a⁄nity for Mg2 [5,8,13,21]. Fig. 7A
also shows that the ATPase activity remaining in
0.7 mM EDTA is inhibited by thapsigargin, being
therefore a manifestation of the Ca-ATPase. The
preincubation of SR membranes in 0.7 mM EDTA
also inhibited Ca-ATPase activity assayed in subop-
timal [Ca2] (Fig. 7B).
4. Discussion
The ATPase activity of isolated SR membranes
determined in the absence of calcium added to media
is high, due to contaminant Ca. Ca-ATPase activity
was measured in media with suboptimal [Ca2] using
appropriate EGTA or EDTA concentrations (Figs. 1
and 7A). Under these conditions, Ca-ATPase activity
is inhibited by the previous exposure of the mem-
branes to the chelators (Figs. 4 and 7B). Since the
incubation conditions are constant for all determina-
tions shown in Figs. 4^7, di¡erences in ATPase ac-
Fig. 6. Preincubation of SR membranes in the presence of calci-
mycin also inhibits Ca-ATPase activity. (A) SR fractions (0.5
mg protein/ml) were preincubated in 0.3 ml of 0.5 mM EGTA
and 50 WM calcimycin when indicated, plus 50 mM MOPS-Tris
(pH 7.2) in all cases, in a total volume of 0.3 ml during 20
min. Incubations started by addition of 0.2 ml of preincubated
SR into 0.8 ml of media ¢nally containing 0.1 mg protein/ml in
3 mM ATP, 3 mM MgCl2, 100 mM KCl, 50 mM MOPS-Tris
(pH 7.2), 0.1 mM EGTA and 10 WM calcimycin. (B) SR pro-
tein concentration were 0.05 and 0.01 mg/ml in preincubations
and incubations, respectively. Preincubations were with or with-
out calcimycin, as indicated, and incubations included 0.1 mM
CaCl2. All the other conditions were as in A. The results show
mean values þ S.E. (n = 6).
Fig. 7. Inhibition of SR Ca-ATPase by preincubation in
EDTA. (A) Typical results of the ATPase activity as a function
of [EDTA], without added Ca (averages from duplicate deter-
minations). ATPase activity was determined after incubations of
the SR membranes (0.04 mg protein/ml) in 3 mM ATP, 3 mM
MgCl2, 100 mM KCl, 50 mM MOPS-Tris (pH 7.2) and
[EDTA] as indicated (b). The results are expressed in percen-
tages of values without EDTA. (B) 0.17 mg of SR membrane
protein was preincubated in 0.3 ml of 50 mM MOPS-Tris (pH
7.2), without or with 0.7 mM EDTA, for 20 min. Incubations
started by addition of 0.2 ml of preincubated SR membranes to
0.8 ml of media ¢nally containing 0.7 mM EDTA, and other-
wise identical to that in A. Under these conditions, ATPase ac-
tivity is inhibited by 1 WM thapsigargin (A, S). Mean val-
ues þ S.E. (n = 6) are shown.
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tivities within each ¢gure should be attributed to the
pretreatment of the enzyme.
The results can be explained assuming that full
activation of the ATPase requires Ca2 binding to
another site, di¡erent from the two transport sites.
The accessibility of this site must be low, in view of
the long time necessary for EGTA to chase Ca2
(Fig. 4), and seems to decrease in a cycling enzyme,
since Pi production in suboptimal [Ca2] is linear
with time (Fig. 2); the accessibility of the site is likely
higher when the enzyme is in the E2 form, in the
absence of Ca2 and ATP (Scheme 1, and Fig. 4).
Its Ca2 a⁄nity is high, since the apparent KCa to
activate the ATPase is approx. 0.2 WM and 0.3 WM
for the control and the EGTA treated SR mem-
branes, respectively (Fig. 5, inset). Moreover, since
an almost maximal recovery of the ATPase activity
is reached with 1 WM Ca2 (Fig. 5), we propose an
apparent Ca a⁄nity for this site slightly below 1 WM.
Both the slight di¡erence in the Ca apparent a⁄nities
between controls and EGTA treated ATPases (Fig.
5, inset), and the fact that inhibition by preincuba-
tion in EGTA is better observed at suboptimal
[Ca2] supports the hypothesis of a lower a⁄nity
for this site than for the transport sites. Fig. 1, show-
ing that the main source of contaminant Ca is the SR
suspension itself, is an argument in favor of extra-Ca
bound to the ATPase. In support of the above as-
sumption, intrinsic calcium has been described in a
Ca-ATPase from plasma membranes, as Ca ¢rmly
bound, not chased by EGTA, and di¡erent from
that of the transport sites [22]; this enzyme also cat-
alyzes active Ca2 transport coupled with ATP hy-
drolysis.
There is general agreement in that 2 mole of Ca2
are transported per mole of hydrolyzed ATP. Usual
models of the enzymatic cycle include two Ca2
binding sites of high a⁄nity facing the outer side
of the membranes (Scheme 1) [23^27]. However,
the titration of the Ca binding sites in the micromo-
lar range does not reach saturation at the level of
two Ca per phosphorylation site, but always over-
passes that value at about 10 WM [Ca2]. The au-
thors [24,26,27] attributed this result to Ca2 binding
at non-speci¢c sites. We are suggesting here that at
least one of these sites belongs to the ATPase pro-
tein, and that EGTA chases Ca2 from this site dur-
ing long preincubations, as in Fig. 4, impairing the
ATPase activity. The comparison of K0:5 for Ca2 as
activator of ATPase activity with K0:5 for binding to
the transport sites should take into account that ATP
induces a very fast phosphorylation which displaces
the equilibrium of the Ca binding step, increasing the
apparent a⁄nity for Ca (Scheme 1).
The occupancy of a calcium site additional to the
transport sites has been proposed to be regulated by
calmodulin in a Ca2 transporting ATPase from ba-
solateral membranes of kidney tubular cells [28]. An-
other mechanism of regulation of Ca2 transport by
an additional Ca2 binding site has been described
for the Na/Ca2 exchanger from cardiac cell plasma
membranes. In these muscle ¢bers, the reduction of
cytoplasmic [Ca2] inducing relaxation is mainly
achieved by an e⁄cient mechanism of Na/Ca2 ex-
change through a speci¢c channel, modulated by
Ca2 binding to a cytoplasmic site, di¡erent from
the Ca2 site of the channel mouth [29]. The possi-
bility of a regulatory role for an additional Ca2
bound to the SR Ca-ATPase is an attractive hypoth-
esis of physiological interest. It would provide a way
to accelerate Ca2 sequestration by SR under condi-
tions of high cytosolic [Ca2] in long lasting and
strong muscle contractions.
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